ABSTRACT Many enzymes, hormones, and other physiologically active proteins are synthesized as inactive precursors (zymogens) that are subsequently converted to the active form by the selective enzymatic cleavage (limited proteolysis) of peptide bonds. The ultimate agency of activating enzymatic function is limited proteolysis, either in a single activation step or in a consecutive series (cascade). The specificity of each activation reaction is determined by the complementarity of the zymogen substrate and the active site of the attacking protease. The sequence of consecutive activation reactions is regulated by the specificity of each enzyme, whereas the degree of amplification of the initial stimulus is determined by the efficiency of each activating step.
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Zymogen activation produces a prompt and irreversible response to a physiological stimulus, and is capable of initiating new physiological functions. Typical examples are the processes of blood coagulation, fibrinolysis, complement activation, hormone production, metamorphosis, rtilization, supramolecular assembly, and digestion. The zymogens of the pancreatic serine proteases, in particular, have served as models for detailed studies of the nature of the molecular changes that are involved in the dramatic increase in enzymatic activity that ensues upon limited proteolysis of the zymogen. In recent years, it has become evident that many proteins are synthesized as inactive precursors or zymogens and that these are subsequently converted to physiologically active forms by the selective enzymatic cleavage of peptide bonds. This process is known as zymogen activation, a term which initially was applied to the activation of precursors of proteolytic enzymes such as trypsinogen, chymotrypsinogen, or procarboxypeptidase (1) . It is now apparent that the same type of reaction is involved in a great variety of biological processes, such as blood coagulation, fibrinolysis, complement reaction, hormone production, development, differentiation, and supramolecular assembly, all of which involve zymogen activation in one or more steps (2) (3) (4) (5) (6) (7) (8) (9) . In the present article, we shall attempt to show that activation by limited proteolysis is indeed an important control element which can initiate new physiological functions or regulate preexistent ones.
Virtually all zymogen activation reactions require the enzyme-catalyzed cleavage of a unique peptide bond by "limited proteolysis." This term was first introduced by LinderstromLang and Ottesen (10) to describe the restrictive peptide bond cleavage that induces the conversion of ovalbumin to a different crystalline form, plakalbumin, under the influence of the bacterial protease subtilisin. Numerous examples of limited proteolysis have since been described and studied in detail, such as the tryptic conversion of chymotrypsinogen to chymotrypsin (1) , the release by subtilisin of the amino-terminal segments of ribonuclease (11) , and the conversion of proinsulin to insulin (5 The position of zymogen activation in the overall scheme of physiological control processes is diagrammatically shown in Fig. 1 . The term zymogen is being used herein to denote in general an inactive precursor that can be converted to an active protein by the cleavage of one or more peptide bonds. This process is essentially irreversible because, in common with many other hydrolytic reactions, proteolysis is an exergonic reaction under normal physiological conditions and there are no simple biological mechanisms to repair a broken peptide bond. In this respect, zymogen activation differs in kind from the freely reversible mechanisms of allosteric transition or covalent modification (14) . Whereas the latter are suited to maintain or modulate a steady state of intermediary metabolites, zymogen activation, by virtue of its operational irreversibility, can effect unidirectional changes in the cellular environment and can induce new physiological functions. This type of initiation is more rapid than that regulated by the selective transcription of a genome and is triggered by signals that operate entirely on the post-translational level. Typical zymogen activation reactions are summarized in Table 1 .
In some of these processes, the zymogen is converted to the active protein in a single step, whereas in others the process involves consecutive steps or cascades (2) which serve to amplify small stimuli to major physiological responses. Many zymogen activation reactions may have remained undetected thus far because the precursor becomes activated prior to isolation. Indeed, isolation procedures are usually designed for maximum yield of active protein rather than of zymogen and thus may contravene the demonstration of a zymogen precursor. (16) . Thus, the site of generation of active trypsin is restricted to the confluence of these two secretory streams (Fig. 3) . Active trypsin in turn catalyzes the conversion of other pancreatic zymogens to their active forms, i.e., the chymotrypsinogens, proelastase, the procarboxypeptidases, and prophospholipase. This system constitutes a two-stage cascade.
A more complex and extensive cascade system is found in the blood coagulation process, shown in Fig. 4 . In fact, the term cascade or waterfall was introduced by Macfarlane (17) and by Davie and Ratnoff in 1964 (18) in connection with this series of reactions. Five known proteolytic reactions occur along the so-called intrinsic pathway, which is mediated entirely by components found in the plasma, and four proteolytic steps accompany the extrinsic pathway, which includes factors found in tissues (3) . The intrinsic and the extrinsic pathways converge to produce thrombin, which in turn converts fibrinogen to fibrin. In addition to the multiple activation steps shown in Fig. 4 , processes such as blood coagulation appear to be regulated by specific protein inhibitors (19) , which terminate the activation reactions once the product has been generated and restrict the site of blood coagulation to the area of the injury. In this case, a pulse of protease is generated only in the brief interval between zymogen activation and the subsequent formation of an inactive enzyme-inhibitor complex, as represented schematically in Fig. 5 . This general scheme illustrates that the physiological signal is transduced to a chemical event by conversion of zymogen X to protease X., which in turn converts Y to Y, and is then inactivated by the inhibitor Ix. In turn, Y. exists long enough to activate Z and is then inhibited by ly. Thus at each step, the duration and breadth of the cascade is controlled to some extent by the concentration of inhibitors, whereas the degree of amplification is determined by the number of steps between Xa and Z. The ultimate change in microenvironment is determined by the nature of the active protein that is finally expressed. There are only a few examples of cascading systems of this kind, but certainly now that the principle is established many more will be found. For instance, premature activation of the pancreatic enzymes shown in Fig. 3 is inhibited at the level of protease Y (trypsin) by pancreatic trypsin inhibitors. The various intermediate proteases of the blood coagulation system are inactivated by specific inhibitors, such as antithrombin III and a2-macroglobulin, whereas fibrinolysis (i.e., the dissolution of the fibrin clot) and the complement reaction each involve different sets of proteolytic activation reactions and different inhibitors such as al-antitrypsin, a2-macroglobulin, Cl-inactivator, and others (20, 21) .
It seems important at this juncture to emphasize the fundamental difference between zymogens on the one hand and enzyme-inhibitor complexes on the other. Both appear inert by activity assays and both can be converted to the active enzyme under the appropriate circumstances. However, as in- (22, 23) . In fact, only a few residues of the inhibitor molecule interact with the active site of the enzyme, whereas the bulk of the inhibitor serves mainly the function of a supporting structure. This is true of the pancreatic and soybean trypsin inhibitors, as well as of the carboxypeptidase inhibitor from potatoes that has been recently investigated in our laboratory (24) . Cascades of zymogen activation reactions do not necessarily operate in isolation but may influence one another in the initial stages, by positive or negative feedback regulation, thus adding another element of control. For instance, three plasma activation systems, the coagulation system, the fibrinolysis system, and the kallikrein system, interact with one another at key points as shown diagrammatically in Fig. 7 . The activation of Hageman factor (factor XII) is enhanced by kallikrein, which in turn is generated from prekallikrein under the influence of activated Hageman factor (3, 25, 26) . Kallikrein in turn cata- lyzes the formation of kinins (e.g., bradykinin) from their respective precursors, the kininogens (27) . Activated Hageman factor is also believed to enhance the conversion of plasminoger proactivator to the activated form, though this process may involve a number of as yet unrecognized intermediates (26) . Another focus of interaction of these systems is the degradation of fibrin by plasmin. Some of these reactions can also be inhibited by intermediates of the activation reactions as well as by specific plasma protease inhibitors (28, 29 proteolysis (34) . While the precise significance of these events is currently under investigation, it seems certain that limited proteolysis, analogous to zymogen activation, transforms one precursor to another and that the mechanisms of conversion of zymogens to enzymes may serve as models for the transformation of prezymogen to zymogen.
EVOLUTION OF ZYMOGEN ACTIVATION
If limited proteolysis is indeed a significant physiological control mechanism, how did it come about during biological evolution? Did the primordial cells contain zymogens that subsequently became enzymes, or did they contain enzymes that later became inactivated by extension of the polypeptide chains so as to form zymogens? The available evidence seems to-favor, but not prove, the latter alternative, which is also consistent with the empirical observation that relatively few zymogens have been found in prokaryotes or in less highly differentiated eukaryotic organisms.
It is a well-recognized fact that enzymes such as the mammalian serine proteases are a homologous set of proteins which operate by analogous catalytic mechanisms (38, 39) . During evolution, those amino acid residues have been preserved that are essential for function, for the maintenance of conformation, or for both. In enzymes, these regions include, in particular, sequences around the active site, and in zymogens they might be expected to include regions around the site of activation. In the case of the seine proteases, the catalytic apparatus includes the so-called "charge-relay" system (40) formed by interaction of amino acid residues which are widely separated from each other in the linear sequence of the molecule. These include, in particular, aspartic acid 102, histidine 57, and serine 195. The alpha amino group of isoleucine 16 forms a salt linkage with aspartic acid 194. (The numbering system is that of bovine chymotrypsinogen A.) An abbreviated presentation of such patterns of homology among serine proteases is given in Fig.  8 . The enzymes include three plasma proteases and their homology with the pancreatic serine proteases suggests that both families of enzymes have diverged from a common ancestor (41, 42) .
Comparison of the zymogens of these proteases, on first sight, indicates that they are so different in size, composition, and sequence as to preclude a common ancestral relationship. For instance, in the case of bovine trypsinogen, the activation peptide is composed of six residues, whereas in the other extreme, the fragment released during the activation of prothrombin is larger than the enzyme thrombin itself. However, upon closer inspection, at least three classes of activation peptides seem evident. As shown in Fig. 9 The activation peptides of the three blood coagulation zymogens are also of interest because they illustrate that the removal of the activation peptide during zymogen activation may have additional consequences besides the generation of an active site. It has been recently demonstrated by several workers that the amino-terminal region of prothrombin, and probably also of factors X and IX, contains an unusual amino acid, -ycarboxyglutamic acid, which appears to form an effective site for chelating calcium ions (43, (47) (48) (49) . Formation of this amino 16 57 102 195 Ile 
Homologous amino-terminal sequences of three groups of zymogens of serine proteases (30, 41, 43, 44, 46, 48, 70, 76) . The vertical arrow denotes the site of limited proteolysis during zymogen activation. Gla indicates y-carboxyglutamic acid.
acid is a prerequisite for the activation of prothrombin by factor X, and its absence in certain patients is associated with disorders of the blood coagulation process (49) . The activation of prothrombin by factor Xa is accelerated by calcium ions, as is the activation of factor X by factor IXa. Both activation reactions require, in addition, phospholipid and other coagulation proteins (factors V and VIII, respectively). Whereas activated factor X (Xa) stays bound to the phospholipid micelle, thrombin does not, because the calcium-binding site is released during the activation of prothrombin, but the binding site of factor X remains attached to this zymogen even after activation (3).
MECHANISM OF ZYMOGEN ACTIVATION
It is of foremost interest to inquire about the mechanism by which the cleavage of a single polypeptide bond in a zymogen generates enzymatic function. Does limited proteolysis merely remove an obstruction from the active site, or does it induce a conformational change that generates an active site? It is a well-accepted dogma that the amino acid sequence of a protein PROTHROMBIN (M, 70, 000) provides the determinants of its three-dimensional structure and that chemical alterations of the backbone or the side chains could disrupt the balance of forces that dictate a particular conformation. A change in conformation could induce the de novo assembly of the catalytic apparatus, the generation of the substrate-binding site, or the removal of an obstruction from both (see Fig. 11 ). In the best-studied cases, i.e., the x-ray crystallographic comparison of the structures of chymotrypsinogen and chymotrypsin, the, observed differences were so subtle that it was not possible to decide unambiguously which structural changes were crucial for zymogen activation and which were incidental (50) . The recent discovery that many zymogens possess weak but intrinsic enzymatic activity has made it possible to examine the activation process by kinetic (59, 60) . Similarly, the activation of factor XII (Hageman factor) and of complement factor C1 does not appear to involve peptide bond cleavage (4, 26) . In the case of factor X, peptide bond cleavage is required for activation but the differences in enzymatic activity toward pseudosubstrates between zymogen and active enzyme are not nearly as great as in the case of the model system, chymotrypsinogen and chymotrypsin (M. A. Kerr of the induction of biological activity by limited proteolysis, it is important to emphasize that they represent only examples of a great variety of physiological functions that are induced by limited peptide bond cleavage of precursor proteins. The product of activation may be an enzyme, a hormone, a pharmacologically active peptide, or a structural component of tissues, but the ultimate chemical event is limited proteolysis in every instance. Proteases can thus generate functions but they can also destroy them, and in this sense it is useful to think of limited proteolysis as a control element that can turn other reactions on and off by generating or destroying their catalysts. The on and off reactions are controlled by different switches, so to speak, because proteolysis is essentially an irreversible process and proteases are not endowed with repair functions. Zymogens are poised to respond to signals, to amplify them, and to respond to them irreversibly. Examples of such control processes are being increasingly observed and should be further thought of in the exploration of the control of metabolism and other physiological phenomena, including processes of development and differentiation.
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